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Melting of a quasi-one-dimensional Wigner crystal: Electrons on superfluid
‘He in a narrow channel
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We have investigated the melting process of electron crystals (or Wigner crystals) confined in quasi-one-
dimensional channels 10-60 electrons in width, formed on the surface of superfluid “He, paying special
attention to the nonlinear behavior in resistivity unique to the crystal phase, the Bragg-Cherenkov (BC)
scattering of surface waves. We observed that the BC scattering disappears at a higher temperature for fewer
electrons in the confined direction, indicating that the crystal-like structure persists to a higher temperature. We
show that this behavior is understood in terms of a naive model describing how the positional correlation is
disordered by free dislocations in the quasi-one-dimensional geometry.
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The dimensionality of a system has a significant influence
on the natures of phase transition and ordered states. It is
generally accepted that in one-dimensional (1D) XY mag-
nets, superfluids, and crystals, thermal fluctuations com-
pletely destroy the long-range order (LRO) at any finite tem-
perature. In two-dimensional (2D) systems, the LRO is also
destroyed but the weaker thermal effect allows the quasi-
LRO to survive at low temperatures. The quasi-LRO is de-
stroyed at a high temperature by the unbinding of pairs of
topological defects, according to Kosterlitz and Thouless
(KT).!

In a quasi-1D geometry, such as in a strip or on the sur-
face of a tube, the system shows 1D-like behavior when the
coherence length is longer than the confining dimension
whereas it is 2D-like in the opposite case. In such systems,
fundamental questions arise as to whether the quasi-LRO
develops at low temperatures and how the quasi-LRO is de-
stroyed with increasing temperature. Experimentally, the su-
perfluid has, surprisingly, been observed for “He films
formed on the surface of long cylinders,>® which promoted
many theoretical works.*~® In the case of the melting of a
crystal in the quasi-1D geometry, a number of computer
simulations have been carried out for particles interacting
with the Coulomb repulsion’® or other types of
interactions,”'® and most simulations suggest an interesting
anisotropic melting process. However, there have been few
experiments on the melting process in the quasi-1D geom-
etry because a very clean system must be used to obtain a
clear result.

In this Rapid Communication, we experimentally address
the melting mechanism of electron crystals in a quasi-1D
geometry by employing a very clean electron system, i.e.,
electrons formed on the superfluid “He.!"'2 We carried out
transport measurements of the electrons confined in
micrometer-wide channels 10-60 electrons in width, paying
special attention to the nonlinear transport unique to the elec-
tron crystal, the Bragg-Cherenkov (BC) scattering.!3-1¢ The
understanding of the properties of confined electrons on a
micrometer scale is also of particular importance in the con-
text of quantum information processing.'”-'8

In a 2D system, the melting of a crystal is considered to
be the KT-type transition but with a slight difference. A 2D
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hexagonal crystal is characterized by the positional quasi-
LRO and the sixfold-orientational LRO. According to the
Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY)
theory,'”2! these two orders are destroyed by two steps
through an intermediate “hexatic” phase, which has no posi-
tional order while still possessing the orientational quasi-
LRO. The melting of the crystal to the hexatic phase is
driven by the dissociation of dislocation pairs and the tran-
sition from the hexatic phase to the fluid is caused by the
unbinding of disclination pairs.

An electron crystal [or Wigner crystal (WC)] formed on
liquid helium offers an excellent platform for studying 2D
melting owing to its clean and flat surface without the pin-
ning of dislocations. Although the hexatic phase has not been
experimentally identified yet, experimental results, such as
the universal jump in the shear modulus,>>> support
KTHNY melting. The melting takes place (presumably into
the hexatic phase) at the plasma parameter I'=U/K
=130+10,'"'2 where U and K=kgT are the Coulomb po-
tential and the kinetic energy per electron, respectively, (kg is
Boltzmann’s constant and T is temperature). In the WC
phase, the localization of electrons causes the periodic defor-
mation of the helium surface called the dimple lattice.'!:12
Although the emergence of the dimple lattice has no influ-
ence on the melting temperature, the resultant coupling of
electrons with the dimple lattice gives rise to the peculiar
nonlinear transport arising from the BC scattering of surface
waves (ripplons).'3-1® Because the presence of the dimple
lattice is essential for BC scattering, the disappearance of BC
scattering corresponds to melting in the 2D system.

We have investigated the melting process of the WC by
transport measurements of electrons confined in channels 5,
8, and 15 um in width W using devices such as the one
shown in Fig. 1(a). The center channel forms a quasi-1D
conduction path with length L~900 um, connecting two
comb-shaped reservoirs of electrons. This long-channel ge-
ometry enables us to clearly observe nonlinear behaviors ow-
ing to the uniform driving electric field along the center
channel.'® The device has a double-layered structure with top
and bottom aluminum electrodes insulated by a SiO, layer
[Fig. 1(c)]. The vertically etched channel is filled with
capillary-condensed liquid *He. Its depth d is 1.7 um for the
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FIG. 1. (Color online) (a) Schematic of the device used for
transport measurements. (b) Scanning electron microscopy image of
the center channel of the 5 wm device. (¢) Schematic vertical cross
section of the channel. The device is located 0.5 mm above the level
of bulk liquid *He and the channel is filled with capillary-
condensed liquid. (d) Dependence of current on Vg for the 5 um
channel. The current is cutoff at Vg, giving an electron density of
5.82x 102 m™2.

5 and 8 um channels and 1.4 um for the 15 um channel.
Electrons charged on the liquid surface are confined in the
channel by a negative voltage V,,, applied to the top elec-
trode. The bottom electrodes consist of a source, drain, and
gate, which are positively biased with Vg, Vp, and Vg, re-
spectively. Electrons in the reservoirs capacitively couple to
the corresponding source or drain electrode located beneath
the reservoirs. An ac voltage V,, (frequency f
=20-100 kHz) applied to the source induces current /;, in
the center channel and the induced current is detected by the
drain. The electron velocity v is deduced from v=1,/(enW).
The resistance R of the center channel is obtained from the
detected current by lumped-constant circuit analysis,'® and
the mobility u is deduced from u=CL/(enWR), where C
~] is a factor caused by the lumped-constant circuit
analysis'® and is needed to reproduce the high-temperature
theoretical mobility.?* Data presented here were obtained at
Viep==0.10 V and Vs=Vp=V;=+0.25 V. Electron density
n is determined from the cutoff of the current [Fig. 1(d)]
when V;; is negatively biased with respect to Vg using the
relation n=geo(Vs—V5)/ed,'®? where Vg, is the gate voltage
at the cutoff. (e is elementary charge, &, is vacuum permit-
tivity, and & is relative permittivity of liquid “He.) More
experimental details are given in Refs. 16 and 26.

Figure 2 shows typical V;, dependences of the inverse of
mobility ' and electron velocity v at several fixed tem-
peratures for the 5 um channel. At low temperatures, ™!
increases with increasing V,,, followed by a sharp drop. The
increase in u~! is due to the drastic increase in the scattering
rate arising from the BC scattering of ripplons, that is, the
resonance of ripplons with the vertical oscillation of the sur-
face caused by the moving dimple lattice. The BC scattering
also gives rise to the saturation of the electron velocity at
v,=0(G,)/|G|,'>1*16 and it is clearly observed, as shown in
Fig. 2(b), where w(G,) is the ripplon angular frequency at
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FIG. 2. (Color online) (a) «~! and (b) v as a function of V;, for
the 5 wm channel at temperatures near 7,=0.62*0.02 K. The
solid line in (b) represents v;=w(G,)/|G,|. Data were obtained at
£=100.0 kHz and n=5.64x 102 m™2.

the first reciprocal-lattice vector G, of the WC. The drop in
w~! at high V,, is attributed to the decoupling of the WC
from the dimple lattice.'® The increase and the drop in ™'
are smeared at high temperatures, and finally vanish. We
define T, as the temperature at which the BC scattering dis-
appears. In the case of the 2D system, the disappearance of
the BC scattering corresponds to the melting transition, but
in the quasi-1D geometry, it should be carefully interpreted,
as discussed later.

The determination of 7, from the dependence of ! on
Vi, as in Fig. 2 was, however, time consuming, and so we
employed this method only for the 5 um channel. For the 8
and 15 um channels, 7, was determined from the tempera-
ture dependence of u~! measured at a small V,, (Fig. 3). The
sharp rise in u~! at a certain temperature on cooling is
caused by setting in the BC scattering, and this temperature
is defined as T\,. We confirmed that these two methods gave
the same T, for the 8 um channel at several electron densi-
ties. In contrast, for the 5 wm channel, the rounded tempera-
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FIG. 3. (Color online) Temperature dependences of u~' for
three channels at similar densities. The dotted line is the melting
temperature for the 2D crystal (I‘ilD =130). The arrows indicate T}
determined from the temperature dependence (8 and 15 wm) or
from the V;, dependence (5 wm). The solid line represents the the-
oretical result (Ref. 24) for a holding field of 5.0 X 10* V/m. Data
were taken at f=20.0 kHz and V;,=2.0 mV,,, for 5 um, f
=100.0 kHz and V;,=1.4 mV,; for 8 um, and f=100.0 kHz and
Vip=2.0 mV s for 15 um channels.
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FIG. 4. (Color online) T as a function of Vn. The solid line is
the melting temperature of the 2D crystal (FiDz 130) for the Cou-
lomb interaction partially screened by the bottom electrodes located
at d=1.7 pm.

ture dependence near T, (Fig. 3) prevented us from determin-
ing T from the temperature dependence.

T, detgrmined as above is summarized in Fig. 4 as a func-
tion of Vn. In the figure, the melting temperature in the 2D
system Tan is also shown by the solid line. To evaluate TiD,
we use the partly screened Coulomb potential per electron
U=e?/(4meg)(1/rg—1/\rg+4d?), because the average dis-
tance between electrons ry=(mn)~"? is comparable to d, and
thus, the screening of the interaction by the bottom elec-
trodes is not negligible (5—10 % depending on n). As seen in
Fig. 4, T, for the 15 um channel follows TiD while T for
the 5 and 8 wm channels deviates to higher temperatures.
The deviation is more significant for a narrower channel and
at a lower density, that is, for a smaller number of electrons
within the confined direction. This tendency is clearly seen in
Fig. 5, where the plasma parameter ' at T}, is plotted as a
function of the number of electrons in the confined direction
defined by N=\nW; I’y deviates from that in the 2D case
(anD= 130) and becomes smaller with decreasing N.

Now, we discuss the melting process of the WC in the
quasi-1D geometry. The melting of the crystal is described
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FIG. 5. (Color online) I'y as a function of the number of elec-
trons in the confined direction defined by N= VnW. The dashed line
indicates the melting of the 2D WC (F,an=130). The solid line
represents &, =W (see text).

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 82, 201104(R) (2010)

by the disordering process of the positional and orientational
correlations. However, there have been no theoretical inves-
tigations of the disordering process of these two correlations
in the quasi-1D geometry. Here, we consider only the posi-
tional correlation, and conduct a parallel discussion with the
disordering process in a simpler and well-investigated sys-
tem, the XY magnet in a quasi-1D geometry. In the quasi-1D
XY magnet,*¢ thermally excited spin waves disturb the
spin-spin correlation, making the correlation 1D-like at r
>w but 2D-like at r<w at low temperatures; the correlation
decays exponentially (~e™"’¢) at r>w at low temperatures,
whereas it shows power-law decay (~r~7) at r <w,?” where
r is the distance between two positions, w is the dimension of
the confined direction, and # and ¢ are temperature-
dependent constants. With increasing temperature, the r~”
correlation at r<w is destroyed because of the appearance of
free vortices in the region r <w,*> leading to the crossover to
the disordered state with the short-range correlation
(~e7"%). The free vortices appear at a temperature at which
the correlation length &, becomes comparable to w. &, is
approximated as

& ~ a exp(b/1”) (1)

from KT theory, where t=T/Tyr—1 with the KT transition
temperature Tk, a is the diameter of a vortex core, and b is
a nonuniversal constant related to the energy of the core. At
the temperature characterized by &, ~w, which is slightly
higher than Ty, the r~7-correlation changes to exponential
decay (~e %),

We return to the WC in the quasi-1D geometry. At suffi-
ciently low temperatures, the positional correlation is dis-
turbed by thermal phonons, similarly to the quasi-1D XY
magnet, giving rise to the positional correlation decaying as
r~7at r<W and e”"’¢ at r>W.!° Even though the positional
correlation decays exponentially at large distances, our ob-
servation of the BC scattering indicates that the correlation
length is sufficiently long below Tj. In addition, our obser-
vation strongly indicates that the electrons within the corre-
lation length maintain their relative positions for longer than
the period of the vertical surface oscillation caused by the
moving dimple lattice w(G;)™'~1078 s, otherwise the BC
scattering should not occur.

The disappearance of the BC scattering is caused by the
emergence of free dislocations for the reason described be-
low. Following the same discussion as that for the XY mag-
net, free dislocations appear when the temperature is in-
creased (i.e, the plasma parameter is decreased) and &,
becomes comparable to W. The plasma parameter at which
&, becomes equal to W is shown by the solid line in Fig. 5.
The solid line is close to the experimentally obtained I'y. To
evaluate &, we use »=0.370 from KTHNY theory?*?! and
the relation r=T/T2"—1=I"2P/T'~1 with ["2’=130. We also
assume the diameter of the core, which is on the order of the
lattice constant, to be a=n""2, and we take b=1.8, which
corresponds to the core energy E, estimated by the numerical
calculation E,/kgT>>=4.9.2% (The relation between b and E,
is found in Ref. 29.) We should note that Eq. (1) is applicable
only for t+<7x1072 for E/kzT->=4.9.2 Although our
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investigated range of ¢ is out of this range, we expect the
qualitative behavior to persist there. The similar behavior of
the experimentally obtained I, to that of the solid line in Fig.
5 strongly indicates that the emergence of free dislocations
causes the disappearance of the BC scattering. The free dis-
locations give rise to the rapid change in the relative posi-
tions of the electrons in a time shorter than w(Gl)‘l, result-
ing in the disappearance of the BC scattering.

In conclusion, the melting of the WC in channels with
10-60 electrons in the confined direction was investigated
through the nonlinear transport characteristic of the WC, that
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is, the BC scattering. The plasma parameter at which the BC
scattering disappears was found to decrease with a reduction
in the number of electrons in the confined direction. This was
explained by a naive model describing how the positional
correlation of electrons is disordered by thermal phonons and
free dislocations in the quasi-one-dimensional geometry, by
recognizing the crucial role of free dislocations in the disap-
pearance of the BC scattering.
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